ABSTRACT Responses In feeding behaviour to wide vanatlons in the amount and composition of natural seston were studled In the green-lipped (GreenshellT\'] mussel Perna canaliculus of standard 58 + 2 mm shell length Nutnent acquisition wds pnmanlv regulated by the rate that mussels cleared water of part~cles (I h ' I , which vaned In hyperbol~c relation with the abundance of chlorophyll-rich organics, lather than with the ren~alning organic 01 inorganic components of ava~lable 5eston Maximal clearance rates of about 15 1 h ' g ' consistently occurred when chlorophyll a was available at only 1 to 2 pg 1. ' Although clearance rates decreased exponentially, rates of filtrat~on and ~ngestion (mg h ') continued to grow as the total dry part~culczte mass (TPV) of available seston increased u p to about 1000 n~g l ' The proportlon of t~ltered matter ejected a s pseudofaeces before lngestlon remained at a constant fractlon xvh~ch averaged 0 87 at seston concentrations abovcl about 40 mg TP>l l Only above about 1000 m g TPM I-' dld a decline In f~ltration rate suggest any physical ovcrload~ng of feedlng mechanisms Within particles filtered on the cten~dla significant net ennchment of up to 0 23 * 0 10 (mean + 2 SE) tlmes the organic fractlon in available seston stemmed pnnlanly from the preferential retention of particles that were nch in chlorophyll a The efficiency of such retention vaned in quadratic relat~on with seston co~npos~tlon b e~n g maximal at an optimal concentrat~on of chlorophyll a per unit total organic matter Within ingested particles, f u r t h e~ net enrichment of up to as much as 1 47 + 0 26 times the organic iractlon within filtered matter stemmed from the differential pre-ingestive relectlon of particles w~t h i n pseudofaeces Efficlencies of both these selective mechanisms increased with filtrat~on rates The combined effect was that the organic content of ingested matter (OCI) was enhanced at faster filtration rates, to as much as 7 times the organic content of available seston (OCS). Associated benefits were a m p u l e d by a positlve hyperbolic relation that was confirmed between OCJ and the net absorption efficiency from Ingested organlcs Flndlngs showed that tissue wasting occurred in P canaliculus of l g dry soft tissue feedlng upon seston that contained less than 0.86 + 0.19 pg chlorophyll a l . Maximal net organic absorption rate indicated potcntial growth of 6 S":, d ' g ' dry soft tissue, assuciated with the peak in clearance rate. A high capacity for f~ltrat~on and the ability to adjust clear,ince ratr cnabled P canaliculus to optimise particle selection and absorption efficiencies at levels that maintained organic absorption rate independent of the reduction in OCS as TPM increased to at least 1000 mg I ' Collective findings help to explain why P canaliculus~s so well-suited for cultivation, establish that reduced mussel growth within the New Zealand GreenshellT\' industry from 1996 to 1998 was due at least in part to food limitation, and suggest a potential for significant expansion of farming away from traditional 'clear water' sites to more turbid areas.
tlon of t~ltered matter ejected a s pseudofaeces before lngestlon remained at a constant fractlon xvh~ch averaged 0 87 at seston concentrations abovcl about 40 mg TP>l l Only above about 1000 m g TPM I-' dld a decline In f~ltration rate suggest any physical ovcrload~ng of feedlng mechanisms Within particles filtered on the cten~dla significant net ennchment of up to 0 23 * 0 10 (mean + 2 SE) tlmes the organic fractlon in available seston stemmed pnnlanly from the preferential retention of particles that were nch in chlorophyll a The efficiency of such retention vaned in quadratic relat~on with seston co~npos~tlon b e~n g maximal at an optimal concentrat~on of chlorophyll a per unit total organic matter Within ingested particles, f u r t h e~ net enrichment of up to as much as 1 47 + 0 26 times the organic iractlon within filtered matter stemmed from the differential pre-ingestive relectlon of particles w~t h i n pseudofaeces Efficlencies of both these selective mechanisms increased with filtrat~on rates The combined effect was that the organic content of ingested matter (OCI) was enhanced at faster filtration rates, to as much as 7 times the organic content of available seston (OCS). Associated benefits were a m p u l e d by a positlve hyperbolic relation that was confirmed between OCJ and the net absorption efficiency from Ingested organlcs Flndlngs showed that tissue wasting occurred in P canaliculus of l g dry soft tissue feedlng upon seston that contained less than 0.86 + 0.19 pg chlorophyll a l . Maximal net organic absorption rate indicated potcntial growth of 6 S":, d ' g ' dry soft tissue, assuciated with the peak in clearance rate. A high capacity for f~ltrat~on and the ability to adjust clear,ince ratr cnabled P canaliculus to optimise particle selection and absorption efficiencies at levels that maintained organic absorption rate independent of the reduction in OCS as TPM increased to at least 1000 mg I ' Collective findings help to explain why P canaliculus~s so well-suited for cultivation, establish that reduced mussel growth within the New Zealand GreenshellT\' industry from 1996 to 1998 was due at least in part to food limitation, and suggest a potential for significant expansion of farming away from traditional 'clear water' sites to more turbid areas.
INTRODUCTION
position of suspended seston (Bayne 1998) , which fluctuate widely within nearshore environments (Bayne & Filter-feeding behaviour in bivalve shellfish is highly Widdows 1978 , Widdows et al. 1979 , responsive to changes in both the abundance and corn- Rodhouse et al. 1984 , S n~a a l et al. 1986 , Fegley et al. 1992 , Cranford & Hargrave 1994 . In these environments, there are growing pressures to predict the carrying capacities for shellfisheries and to define the role of suspension-feeders in nutrient dynamics (Dame et al. 1980 , Cloern 1982 , Officer et al. 1982 , Doering & Oviatt 1986 , Asmus & Asmus 1991 , Dame 1993 , Heral 1993 , Herman 1993 , Smaal & Prins 1993 , James & Ross 1996 . To help understand these processes, many early studies measured the responses of shellfish to artificial suspensions of algal monocultures and/or single inorganic materials such as kaolinite (Bayne & Newel1 1983 . It is now clear that selective processes and their consequences are central features of associated behaviour, such that ecologically relevant responses are only evident when feeding upon natural particle mixtures that afford the pre-adapted potential for particle selection (Foster-Smith 1975 , Doering & Oviatt 1986 , Cranford & Gordon 1992 , MacDonald & Ward 1994 , Hawkins et al. 1996 , Soletchnik et al. 1996 , MacDonald et al. 1998 . Recent work studying feeding responses in the natural environment as part of the collaborative EC project 'TROPHEE' (refer to Special Issues of the Journal of experimental marine Biology and Ecology Volume 219 and Aquatic Ecology Volume 3, both 1998) has established a common set of functional interrelations between measures of seston availability, seston composition and separate component processes of particle fi.ltration, pre-ingestive sel.ection and, post-ingestive absorption in the mussel Mytilus edulis (Hawkins et al. 1996) , the oyster Crassostrea gigas (Soletchnik et al. 1996) and the cockle Cerastoderma edule . Resolution of the exact form of these relations when each species was feeding upon the same natural particle suspensions allowed the successful prediction of feeding rates, organlc absorption and growth rates on the basis of seston abundance and composition alone (Hawkins et al. 1996 , Soletchnik et al. 1996 . These relations obviate the need for physiological measurements, and facilitate the modelling of environmental interrelations, including the carrying capacity of nearshore waters for shellfish culture. They also enable standardised comparisons of relative filter-feeding behaviour, resolving subtle yet ecologically significant differences between the responses observed in separate sympatric species (Hawkins et al. 1998a, b) .
In this paper, we study how suspension-feeding behaviour in the green-lipped (Greenshellm) mussel Perna canaliculus (Gmelin) responds to wide variations in the amount and composition of natural seston. Observed reponses are used to define functional interrelations between component processes of organic absorption and to model mussel growth. The GreenshellTM mussel industry represents the New Zealand seafood industry's fifth largest export, earning NZ$ 87 million during 1995 (James & Ross 1997 ). This industry is still expanding, capitalising on successful techniques for longline culture that were developed locally (Hickman 1991) . Current planning applications for additional extensive mussel farming blocks, combined with reduced growth rates of cultivated mussels during 1996 and 1997, have stimulated widespread concern over whether present levels of mussel production may have reached and even exceeded the carrying capacity beyond which shellfish growth rates are affected (James & Ross 1997) . Despite the socioeconomic significance of this industry, very little is known of feeding behaviour in P. canaliculus, the only documented results being in response to artificial suspensions of algal monoculture (Waite 1989) . Here, we report findings from work that was undertaken using both natural and experimental variations of seston availability and composition in the Marlborough Sounds, where over 80% of New Zealand's GreenshellTh4 production occurs. The range of food availability was substantially wider than in any previous study of bivalve shellfish. This range, together with our development of experimental and analytical techniques, has resulted in novel findings that are likely to apply among filter-feeding bivalve shellfish generally. Interrelations that we define between food availability and feeding behaviour in P. canaliculus establish a wide optimal range of feeding conditions over which growth was maximal. Findings will be used to further develop models that predict the environmental carrying capacity for GreenshellTM mussel production (cf. James & Ross 1996 & Ross , 1997 .
METHODS
Rope-cultured Perna canaliculus (Gmelin) of 58 + 2 mm shell length were collected on 16 April 1998 from a commercial mussel farm near the entrance to Kenepuru Sound, New Zealand. They were immediately cleared of epibiotic growth and placed within a plastic net bag that was suspended below an isolated jetty situated at the southern end of Wilsons Bay, Pelorus Sound (173" 54' E. 41" 04' S). Starting 24 h later, over a total of 8 d , responses to different experimental feeding conditions were studied on that same jetty. For 1 d only, we also worked on a boat moored nearshore immediately to the east of Te Puraka Point, Beatrix Bay, Pelorus Sound (174" 00' E, 41" 03' S) Experimental feeding conditions included natural differences in the abundance and composition of sus-----pended seston, as well as conditions in which seston abundance and c o m position were manipulated through the vanable additions of natural silt and/or cultured alga (Table 1) . Those additions ranged u p to n~aximal practical concentrations, with resulting conditions that respresented a dense natural bloom of alga as occur within unmixed eutrophic waters, high concentrations of silt as may be resuspended within nearshore environments such as estuaries, and various combinations of the two. Natural silt was collected by scraping the top 5 mm fl-om nearby mudflats that were exposed during low tide at the head of Pelorus Sound. Cultured alga was Tetraselnfis suecjca (Kylin) Butcher raised in f/2 medium.
For each feeding condition, 10 mussels were individually maintamed in separate 200 ml perspex trays that were supplied with natural seawater pumped from alongside the jetty or boat. From day to day, those 10 mussels were randomly drawn from a total of 19 experin~ental nlussels, so that the same 10 mussels were studied under separate feeding conditions on the same day, but different mussels were used on other days and in other conditions. Temperature and conductivity were monitored at regular intervals with an Orion meter. Throughout each feeding condition, the rate of supply and mixture of any added silt or alga were left unchanged. Mussels were first left for up to 1 h before the rate of seawater flow was adjusted so that concentrations of suspended particles were not reduced by more than an average of 25 % between the inflow and outflow from each shellfish tray. Once finalised at a rate that differed between 95 and 475 n11 min-' between feeding conditions, the rate of seawater flow through each tray was nionitored and adjusted at least hourly to maintam sirnilar values 
well below rates of >l5 cm S-', which have been shown to inhiblt filter-feeding in the mussel Mytilus edulis and other species of bivalve shellfish (e.g Wildish & Saulnier 1993).
Mussels remained feeding in each condition over intervals that varied between conditions according to when sufficient true faeces had been deposited for subsequent measurements. Times required for the collection of faeces ranged between 30 and 215 min. At the end of each feeding condition, the flow rate through each tray was recorded, and up to 3 1 of seawater were collected from the outflow of each animal tray containing an experimental mussel, as well as from 2 empty control trays. Then, at all but the highest seston concentrations, all true faeces and all pseudofaeces were collected separately from each mussel and homogenised by rapid repeat-pipetting. At the highest seston concentrations, it became impossible to separate true faeces from pseudofaeces, which were therefore sampled together. From water that had been collected from the outflows of each control tray (without mussels), 2 measured aliquots that varied between 25 and 500 ml, depending on the seston concentration, were filtered onto separate ashed 25 mm Whatman GFC filters. One of these filtered aliquots was frozen for the later measurement of chlorophyll a (chl a) content according to standard procedures for acetone extraction and fluorometric analysis (Holm-Hansen et al. 1965) ; the other was dried to constant weight at 60°C before freezing for later measurement of the particulate carbon and nitrogen contents using a PerkinElmer 2400 CHN elemental analyser. From the outflow water sampled from each control tray and each animal tray, aliquots of 15 m1 were analysed for particle concentration using a Coulter Counter Model ZM and tube with 100 pm orifice diameter, recording particles larger than 4 pm equivalent spherical diameter. Measured aliquots of between 100 and 2500 m1 of the seawater collected from the outflows of each control tray and animal tray, as well as measured aliquots from each homogenised faecal sample, were each flltered onto separate pre-welghed and ashed 47 mm Whatman GFC f~lters. These were rlnsed with approximately 15 m1 distilled water to remove salts, and dried at 60°C before re-weighing and calculation of the total sample dry weight per filter. Each filter was then ashed at 450°C for 4 h prior to final weighing, allowing calculation both of the ash (inorganic) and ash-free (organic) mass of each filtered sample.
Gut transit times were monitored by transferring 10 mussels which had previously been maintained within natural seawater to a feeding condition that was supplemented with the alga Tetraselmis suecica to a maximal total concentration of < l 0 dry mg 1-l. Algae were seen to be rejected in pseudofaeces within less than 2 min of the start of filtration. The first appearance of true faeces that were enriched with green pigments indicated that ingested alga passed through the digestive tract of mussels with an average ( * 2 SE) gut transit time of only 80 + 9 min. We therefore calculated seston abundance and quality as the integrated average over each corresponding period of faecal collection, having established that samples from the outflows of each empty control tray were representative of the inflow to animal trays. Seston abundance was computed as total dry particulate mass (TPM, mg l-l), total particulate organic matter (POM, mg I-'), total particulate organic carbon (POC, 1. 19 I-') and chl a (CHL, pg 1-l). Seston quality was calculated as the organic content of the total dry particulate mass (OCS, fraction), the amount of chl a per unit of the total dry particulate mass (CHLTPM, pg mg-l), the amount of chl a per unit of organic carbon (CHLPOC, pg mg-') and the ratio of particulate organic carbon to organic nitrogen (C:N ratio).
Processes of feeding and absorption are defined and calculated (Table 2 ) using some modification of the basic procedures developed by Hawkins et al. (1996) , Soletchnik et al. (1996) and Urrutia et al. (1996) as summarized by Hawkins et al. (1998a) . Most importantly, this Included measurements of the organic and chl a contents of filtered matter (OCF and CHLCF, respectively) (Table 2) using the difference method of Hawklns et al. (199813) . These measurements show how the retention efficiencies for filtered organic matter (REO) and filtered chl a (RECHL) each varied in strong relations with both the abundance and composition of available seston (refer to 'Results'). Therefore. our findings establish the need for accurate individual measures of OCF and CHLCF, which are fundamentally important for dependent calculations of both the rates and efficiencies of filtration, ingestion and absorption (Table 2) . In this study, such accuracy could be achieved only after significant seston depletion in each animal tray. With lower net particle depletion, whether due to dower clearance rate (CR, 1 h-') with which mussels removed particles larger than 4 pm equivalent spherical diamet.er from seawater, faster throughflow of seawater and/or the pre-ingestive expulsion of filtered algae as a suspension, the calculated ratio of filtered POM to filtered TPM (= OCF) was increasingly vulnerable to measurement error. To help ensure precision, OCF, RE0 and associated components of feeding behaviour were calculated only for mussels that depleted >5% of the TPM and either POM or CHL between the inflow and outflow of their tray. Similarly, CR was calculated only for mussels that depleted more than 5% of particles. These collective requirements were not always met, especially when feeding rates were slow at especially low or high ses-ton concentrations (refer to 'Results'). Therefore, the number of replicates varied from 2 to 10 mussels between different feeding conditions. In particular, data collected at TPM values of more than about 1000 mg 1-' could not be used to calculate associated responses corrected for selective retention. To obtain a fully comparative measure of feeding rate throughout the complete range of experimental seston concentrations, including experimental conditions when CR and OCF were not measured satisfactorily, we calculated the total rate of filtration not corrected for selective retention on the gills (FROCS, mg h-') ( Table 2 ). This measure of FROCS is similar to all previous gravimetric measures of filtration rate (mg h-') in bivalve shellfish, except for Hawkins et al. (1998b) , who were the first to correct for selective retention.
After the experiment, all soft tissues were excised from each shellfish and dried at 60°C before measuring the total soft tissue dry weight, which averaged (+2 SE) 3.68 + 0.35 g. To standardise findings and enable comparison with the results from other studies, feeding responses were corrected to those for an equivalent individual of 1 g dry soft tissue weight using Y, = (W,/ W,) X Ye, where Y, is the standardised parameter, within the outflow) X litre water flow h-' through tray
Total mg h-' (mg inorganic matter egested both as true faeces and
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Total mg h-' mg total pseudofaeces egested h-' (Hawkins & Bayne 1991) , where NOAR is the net organic absorption rate expressed as mg h-' g-' (Table 2) , and the energy content of absorbed organic matter was estimated to be 7.25 J mg-' according to Hawkins et al. (1996) . On this basis, the rate of absorption required to maintain zero NEB (i.e. the 'maintenance ration') would have been 0.96 mg organic matter h-' in M. edulis of 1 g dry soft tissue. All statistical analyses were done using SYSTAT for Windows, Version 7 (SYSTAT Inc., Evanston, IL, USA). Feeding responses were related to separate measures of seston abundance and quality using multiple linear regression. These models were fitted in the forwardstepping mode, entering the most significant 'predictor' at the first step, and adding or deleting variables to establish sequentially significant relations, until no further variables were able 'significantly' to improve the overall fit. To help avoid constructing multicolinear models, variables were only included as predictors if (1) their tolerance, calculated as 1 minus the squared multiple correlation between that predictor and the other predictors included in a model, was >0.01, and (2) the probability of their correlation with the residual variances for the dependent variable was less than 2.5%.
Total particulate matter (mg 1. ' )
RESULTS
Seawater temperature and salinity remained constant throughout all measurements, averaging (* 2 SE) 16.4 + O.g°C and 32.1 k 0.04%, respectively. The average (*2 SE) availability and composition of seston measured throughout each feeding condition are summarised in Table 1 . Fig. 1 illustrates how, across the full range of seston availability between 2 and 3787 mg 1-' TPM, average seston quality measured as total organic content (OCS) ranged from maximal fractions of 0.3 or above in natural and algal-supplemented seston to minima of 0.07 in silt-supplemented seston, according to a negative relation that was best described by the equation:
where adjusted r2 = 0.66, residual df = 23, p < 0.000001, and values in parentheses indicate 95 % confidence limits. Over the same range of TPM, average availabilities of cN a increased between different feeding conditions from 0.2 to 459 pg I-', whereas average C:N ratios ranged from 5.9 to 11.1 (Table 1) . to seston abundance measured both as chl a (CHL, pg 1.' ) and are the mean of from 2 to 8 replicate determlnations per conditotal particulate mass (TPM, mg 1-l) in mussels standardised tion; (0) natural seawater, (X) natural seawater plus cultured to 1 g dry soft tissue weight. Findings presented include the Tetraselmis suecica, (+) natural seawater plus natural silt original data for individual mussels and a function plot that scraped from the surface layer of local mudflats, (A) natural was fitted by least-squares; refer to Eq. (3) in the 'Results' for seawater plus cultured T suecica plus natural silt as above parameters and sigmficance level Clearance rates CR (1 h-') for particles of more than 4 inorganic biodeposition and the organic content of filpm equivalent spherical diameter varied with the partered matter (FROCF, mg I-') ( Table 2 ) in a strong posticulate organic matter within available seston POM itive relation that was best described by the linear (mg I-') according to a relation that was best described equation: by the gamma curve: Total particulate matter (mg I-') Fig. 3 . Perna canaliculus. Rates of total filtration corrected for the selective retention of organic matter (FROCF, mg h-'), total rejection as pseudofaeces (RRTOT, mg h-'), total ingestion rate (IRTOT, mg h-') and the proportion of filtered matter that was rejected as pseudofaeces (RRTOT + FROCF; fraction) in relation to the total particulate mass (TPM, mg I-') of available seston in mussels standardised to 1 g 
where mean corrected r2 = 0.69, residual df = 108 and p 0.000001. Fig. 4 illustrates how total filtration rate, not corrected for the selective retention of filtered organic matter (FROCS, mg h-') ( Table 2) , increased with seston concentration to maximal rates, which occurred at more than 1000 mg TPM I-', before declining at higher concentrations in a relation that was best described by the polynomial equation: FROCS = -3.14(+76.2) + [1.41(*0.13)
where mean corrected r2 = 0.67, residual df = 232 and p < 0.000001.
3 Total particulate matter (mg I-') Fig. 4 . Perna canaliculus. Rates of total filtration not corrected for the selective retention of organic matter (FROCS, mg h-') in relation to seston abundance measured as total particulate mass (TPM, mg I-') in mussels standardised to 1 g dry soft tissue weight. Data are from individual mussels. The line was fitted by least-squares; refer to Eq. (9) in the 'Results' for parameters and significance level Over the full range of feeding conditions, a paired samples t-test indicated that the average (+2 SE) retention efficiency for filtered organic matter (REO, fraction) (0.23 * 0.10) was significantly lower than the average retention efficiency for filtered chlorophyll (RECHL. fraction) (0.70 + 0.36) ( t = 4.71, df = 56, p = 0.00002). Multiple stepwise regression analysis established that RE0 varied according to different measures of both seston composition (OCS, fraction; CHLTPM, pg chl a mg-l TPM; and CHLPOM, pg chl a mg-I POM) and mussel feeding rate (FROCF, mg total dry seston h-'; and FRORG, mg dry organic matter h-') in a collection of separate significant relations that were best described by the linear equation:
where mean corrected r2 = 0.56, residual df = 101 and p < 0.000001. Compared with REO, more of the variance in RECHL (70 vs 56%) was associated with CHLPOM and the rate of chlorophyll filtration (CHLFR, pg chl a h-') in separate significant relations that were best described by the combination of quadratic and linear functions: RECHL = -1.26(+0.78) + 2.36(*1.29)CHLPOM (1 1) -0.68(*0.32)CHLPOMZ + 0.0078(+0.0026)CHLFR where mean corrected r2 = 0.70, residual df = 51 and p < 0.000001. Eqs. (10) & (11) indicate that net organic selection on the ctenidia occurred primarily by the retention of particles that were rich in chIorophyll rather than in non-living plant organics. Further, as is illustrated for RECHL in Fig. 5 , there was both an optimal seston composition, measured as chl a per unit total organic matter, at which retention efficiency was maximal, and a positive linear influence of filtration rate. Therefore, organic retention efficiency not only varied according to seston quality, but also with mechanistic processes that were associated with filtration. Net overall organic selection efficiency (NOOSE, fraction), which included the effects both of differential particle retention on the ctenidia and differential particle rejection as pseudofaeces, increased with net post-filtration organic selection efficiency (NPFOSE, fraction) in a positive relation that was best described by the linear equation: NOOSE = 0.047(*0.35) + 1.49(*0.17)NPFOSE (12) where adjusted r2 = 0.73, residual df = 103 and p < 0.000001. Thus, for every increment in NOOSE, an average of (1/1.49) X 100 = 67% of the associated additional organic enrichment resulted from differential rejection of filtered particles within pseudofaeces. (RECHL, fraction) in relation to seston composition measured both as chl a per unit total organic matter (CHLPOM, pg mg-l) and feeding rate measured as rate of chl a filtration (FRCHL, mg h-') in mussels standardised to 1 g dry soft tissue weight. Findings presented include the original data from individual mussels and a function plot that was fitted by least-squares; refer to Eq (11) in the 'Results' for parameters and significance level
Total filtration rate (mg h-') Fig. 6 . Perna canaliculus. Organic contents of available seston (OCS, fraction), f~ltered matter (OCF, fraction) and ingested matter (OCI, fraction) in relation to total filtration rate corrected for the select~ve retention of organlc matter (FROCF, mg h-') in mussels standardised to 1 g dry soft tissue weight. Data are from individual mussels. Lines fitted by 6 illustrates the effects both of differential particle retention on the gills and differential particle rejection as pseudofaeces, including the net result whereby the organic content of ingested matter (OCI, fraction) increased with FROCF up to an average of about 7 times OCS, despite the reduction in OCS at higher TPMs (Fig. 1) . Fig. 7 illustrates how OCI was the primary determinant of net absorption efficiency from ingested organics (NAEIO, fraction) according to a strong positive relation that was best described by the hyperbolic equation: (14) where adjusted r2 = 0.84, residual df = 103, and p < 0.000001. It may be seen that NAEIO increased from about 0.2 at the lowest OCI to average nlaxin~al values that were in excess of 0.9 when feeding upon seston with the highest OCI. Fig. 8 illustrates how net organic absorption rate (NOAR, mg h-') and net organic ingestion rate (NOIR, mg h-') each varied with TPM and CHL. Our data do not allow resolution of the correct form of these relations for TPM. However, average ( + 2 SE) rates of NOIR and NOAR when feeding upon chl a concentrations of only 1 to 2 pg 1-' (24.3 + 11.4 and 22.8 + 11.3 mg h-], respectively) were similar to average rates that w e recorded when feeding upon all higher chlorophyll concentrations from 2 to 459 pg 1-' (28.2 * 7.4, t = 0.43, df = 74, p = 0.65; and 25.9 + 7.4, t = 0.57, df = 74, p = 0.60, respectively) (Fig. 7) . This indicates that rates of nutrient ingestion and absorption were already maximal at these low chlorophyll availabilities, and were maintained throughout all higher seston concentrations. Fig. 9 illustrates how, throughout all feeding conditions when CHL was less than 2.0 pg chl a 1-', NOAR increased in positive Org. content ingested (15) where adjusted r2 = 0.58, residual df = 46, and p < 0.000001. Given that the mussels need to absorb a maintenance ration of 0.96 mg organic matter h" to ensure zero net energy balance (NEB, J h ' ) in equivalent mussels of 1 g dry soft tissue (refer to 'Methods'), this indicates the potential for growth when chl a was available at more than an average of 0.86(0.67,1.02) pg 1 , but that tissue wasting occured when chlorophyll was available at lower concentrations (Fig. 9) .
DISCUSSION
Filter-feeding bivalve shellfish live as benthos within nearshore environments such as estuarine mudflats, where sediments may periodically be resuspended within a high turbidity layer (e.g. Falconer & Owens 1990 , Haure 1996 . To better understand how filterfeeders function under such turbid conditions, a growing body of work has studied responses to increasing concentrations of natural seston (Sornin et al, 1983 , Deslous-Paoli et al. 1987 , Hawkins et al. 1996 , Soletchnik et al. 1996 , Barille et al. 1997 , Navarro & Widdows 1997 . In the present paper, we 0.0 0.5 1.0 1.5 2.0 Chlorophyll a Fig. 9 . Perna canaliculus. Net organic absorption rate (NOAR, mg h i ) in relation to concentrdtions of chl a (CHL, pg I") in available seston. Data are restricted to CHL < 2 pg 1-' and are from individual mussels standardised to 1 g dry soft tissue weight. Solid line and curves defining 95 % CL were fitted by least-squares; refer to Eq. (15) in the 'Results' for parameters and significance level. Horizontal dashed line: maintenance ration of 0.96 mg absorbed organic matter h ' , required to sustain zero net energy balance (NEB, J h") in equivalent mussels of 1 g dry soft tissue (refer to 'Methods'). Arrow: average NOAR of 25.9 Â 7.4 mg 1-' for all values of CHL > 2 pg 1-' (refer to 'Results') have significantly extended the previous experimental range of up to about 600 mg TPM 1" by comparing responses to feeding conditions with average seston concentrations that varied between 2 and as much as 3787 mg TPM 1-I (Table 1) . Throughout this range, resuspended sediments resulted in a progressive decrease in the organic content of total available seston (OCS) between average fractions that fell from 0.38 to 0.07 with increasing TPM (Fig 1, Table 2 ), according to a classic negative relationship that has now been described for natural seston in many different nearshore environments (e.g. Widdows et al. 1979 , Navarro et al. 1991 , Hawkins et al. 1996 . The generality of this relation under both natural and experimental conditions appears to stem primarily from the effects of different water mixing or flow rates that are required to resuspend a common body of natural silt to different concentrations. Within natural suspended silt, particle numbers invariably decline exponentially with increasing size, larger particles settling faster. To maintain higher total concentrations requires greater mixing or flow rates, which help larger particles to remain resuspended. Within natural seston, larger particles generally have lower organic contents (Defossey & Hawkins 1997) . It follows that as TPM increases, the general reduction in OCS reflects increasing proportions of the larger suspended particles. Our findings show that Perna canaliculus regulated rates of organic absorption and growth independent of ranges of seston availability and composition wider than have hitherto been observed in any bivalve, To achieve such regulation, total filtration rate (FROCS) increased with seston concentration to maximal rates at more than 1000 mg TPM I-', before declining at higher concentrations (Fig. 4) . Presumably, this decline in filtration rate reflected the ultimate overloading of filter-feeding mechanisms. Yet, in previous studies that worked at high seston concentrations, filtration declined above concentrations of about only 100 mg TPM 1-' in the oyster Crassostrea gigas (Sornin et al. 1983 , Deslous-Paoli et al. 1987 , Banlle et al. 1997 ) and 300 mg TPM 1-' in the cockle Cerastoderrna edule (Navarro & Widdows 1997) . Therefore, compared with these 2 species, the capacity for filtration was considerably greater in P. canaliculus.
More subtle, but just as important, we have identified separate selective processes that collectively acted to amplify the organic content of ingested matter (OCI) over and above the organic content of available seston (OCS). These selective processes included (1) differential particle retention on the ctenidia, measured as the retention efficiency for filtered organic matter (REO), and (2) differential pre-ingestive rejection of filtered matter as pseudofaeces, measured as net post-filtration organic selection efficiency (NPFOSE) ( Table 2 ). We establish here that the relative efficiencies of both these selective processes increased in association with filtration rate (refer to Eqs. 10 & 13 in the 'Results'). The combined result was that OCI more than doubled as FROCF increased throughout its measured range, despite the reduced OCS at higher values of TPM when FROCF was greatest (Fig. 6) .
It is clear from Fig. 7 that OCI was the primary determinant of the net efficiency with which nutrients were absorbed from ingested matter (NAEIO, fraction). Without organic enrichment of ingested matter relative to the available seston, NAEIO and associated rates of organic absorption would have decreased rapidly towards zero as OCS fell below 0.1 at higher seston concentrations (Figs. 1 & 7) . Instead, pre-ingestive particle selection helped to ensure that NOAR remained essentially constant between average chl a concentrations that ranged from as little as 1 pg 1-' to our experimental maximum of 459 1-19 I-' (refer to Fig. 8 and 'Results'). A similar dependence of absorption efficiency upon the organic content of ingested particles has been observed in many other species of bivalve shellfish (e.g. Bricelj & Malouf 1984, Bayne , Navarro et al. 1993 , Barille et al. 1997 , Navarro & Widdows 1997 . Hawkins et al. 1998a , suggesting that efficiencies of absorption are primarily limited by digestive processes.
We consistently observed significant net enrichment in the organic content of filtered particles relative to available particles (REO), averaging (+2 SE) 0.21 -r-0.10 over the full range of feeding conditions. This complements similar recent observations in the mussel Perna viridis and oysters Crassostrea belcheri and Saccostrea cucculata, when significant organic enrichment was associated with declining retention efficiencies for particles within size classes larger than 6 to 12 pm equivalent spherical diameter (Hawkins et al. 1998b ). Newel1 et al. (1989) described how the mussel Mytilus edulis preferentially filtered algal cells relative to inorganic particles of equivalent size from natural seston. Further, it is known that M. edulis (Newell et al. 1989 , the oysters Ostrea edulis (Shumway et al. 1985) and Crassostrea vlrgjnica ) and the scallops Placopecten rnagellanicus, Patinopecten yessoensis and Argopecten irradians (Shumway et al. 1997 ) all preferentially retain different algal species on the ctenidia. In the present work, we have established that net organic enrichment was primarily effected by the retention of particles that were rich in chlorophyll, rather than non-living plant organics (Eqs. 10 & 11). We have also shown that there was an optimal seston composition at which retention efficiency was maximal, indicating saturation of the selective mechanism for particles that were rich in chl a (Fig 5) . This makes clear the potential for error if calculating either total or organic filtration rates as the products of water clearance rate and food availability, as in many past studies on feeding behaviour in bivalve shellfish.
Previous studies have established differential preingestive rejection of filtered matter as pseudofaeces on the basis of particle size (Defossey & Hawkins 1997) and/or particle quality (e.g. Loosanoff 1949 , K i~r b o e et al. 1980 , Newel1 & Jordan 1983 , Shumway et al. 1985 , Newel1 et al. 1989 , Prins et al. 1991 , Cranford & Gordon 1992 , MacDonald & Ward 1994 , Pastoureaud et al. 1996 . Our observation that the efficiency of pre-ingestive selection (NPFOSE) (Eq. 13) was also dependent upon filtration rate confirms recent similar observations in a variety of bivalve shellfish (Hawkins et al. 1998a, b) . However, findings documented here are the first to show that efficiencies of selective retention on the ctenidia measured as the retentions efficiencies for all filtered organic matter (REO) and for filtered chl a alone (RECHL) also increased with feeding rate. Associated mechanisms have yet to be established. It seems Likely that effects involving mucus production (Beninger et al. 1995) and/or flow patterns (Ward et al. 1998a, b) wlll prove responsible.
The proportion of filtered matter that was rejected as pseudofaeces before ingestion increased to a constant maximum of about 0.9 at TPM values of less than 100 mg 1-l, with the result that total ingestion rate (IRTOT) continued to increase throughout its measured range to the maximum that was observed at TPM values of more than 1000 mg 1-' (Fig 3) . Clearly, pseudofaeces were not only produced to regulate ingestion, being deposited at all but the very lowest seston concentrations, as a by-product of the requirement for pre-ingestive selection from natural particle mixtures. Within the literature, there are many suggestions that pseudofaeces are only produced as an 'overflow' upon reaching a threshold seston concentration above whlch ingestion rate is saturated. Those suggestions are misleading, being based upon the studied responses to artificial suspensions of algal monocultures that do not afford the opportunity for particle selection and organic enrichment (e.g. Winter 1978) .
Clearance rates in the cockle Cerastoderma edule ) and the mussels Mytilus edulis and Perna viridis (Hawkins et al. 1998b) have been shown to decrease in exponential relation to increasing concentrations of POM (mg I-'). The same occurred here in Perna canaliculus. In addition, we have shown that a much greater proportion of the total variance in CR (l h-') (53 vs 13%) was associated with the concentrations of both chl a and TPM than with POM alone (Eqs. 2 & 3 ) . Further, both net organic ingestion rate (NOIR) and net organic absorption rate (NOAR) increased to stable maxima that were maintained at all chlorophyll concentrations above between 1 and 2 pg chl a 1-' (Fig. 8) . We have also shown that CR initially increased in positive relation with CHL, reach~ng an estimated maximum ( + 2 SE) at 1.11 + 0.42 pg chl a 1-' before declining with further increases in CHL, and that maximum CR decreased in negative exponential relation with TPM (Eq. 3, Fig. 2 ). This indicates that CR played an important regulatory role, as evidenced by a n immediate decline in CR at all chlorophyll concentrations above the minimum required for maximal rates of organic absorption. The feedback controlling this CR regulation remains uncertain. Responses seemed most closely related to CHL, and thus with the amount of living algal organic matter within suspended seston, rather than with the remaining refractory organic or inorganic components of that seston. This presumably reflected the greater digestibility of chlorophyll-rich organics. But our data do not establish whether that feedback stems directly from biochemical aspects of nutnent absorption and/or energy provision, or whether the observed behaviour may have been in more direct response to gut fullness (e.g. Holling 1966). Given that total ingestion rate continued to increase over ranges of food availability when organic Ingestion rate remained essentially stable (Figs. 3 & 8) , any reponse to gut fullness may have been for chlorophyll-rich organic matter, perhaps in the digestive tubules, associated with an established capacity for differential processing of separate particle types .
Our findings confirm the dependence of CR on both the composition and availability of suspended seston , Bayne 1998 , and help to explain apparent contradiction between previous responses that have been observed during feeding upon seston of different composition. In particular, fast CRs have been reported in bivalve shellfish feeding on low availabilities of artificial diets that were comprised predominantly of cultured unicellular algae at maximal experimental concentrations of about 8 mg TPM 1-' and 5 pg chl a I-' (e.g. Mshlenberg & Riisgard 197 9, Riisgard 1988 , Clausen & Riisgard 1996 , Jargensen 1996 . At higher concentrations of such (artificially) high quality diets, CR decreased with the associated increase in POM . Alternatively, positive relations have been observed between CR and the availabilities of natural seston (e.g. Iglesias et al. 1992 , Newel1 & Shumtvay 1993 , Hawkins et a1 1996 . That natural seston was mainly comprised of resuspended sediments, with max~mal average concentrations of about 80 mg TPM 1-l but only 3 pg chl a 1-'. Therefore, in the above experiments using natural seston, it seems likely that concentrations of chlorophyll-rich organics were below the optima required for maximal CR, NOIR and NOAR, which would explain the positive dependence of CR upon seston availability that we observed over our lowest concentrations of less than about 2 pg chl a 1-' (Eq. 3, Fig. 3 ). These compansons emphasise the highly flexible regulation of CR in Perna canaliculus and other filter-feeding bivalve shellfish, responding to changes in seston abundance and composition to maintain FRTOT and associated selective processes within the limits that are required to optimise NOIR, OCI and ultimately NOAR.
NOIR was maintained at maximal values that averaged ( + 2 SE) 27.3 * 6.3 mg h-' for all concentrations of chl a above 1 pg 1-' (Fig. 8) . A similar NOIR of 24.8 + 3.6 mg organics h-' was recorded in the green mussel Perna viridis from Malaysia, but this may not have been maximal (Hawkins et al. 1998b ). The only other experimental measure of maximal feeding rates in another m.usse1 diagnosed the saturat~on of digestive processes when ingestion had reached about 6.5 mg organics h-' in Mytilus edulis of 1 g dry soft tissue ). These differences between the rate of ingestion in Perna species and M. edulis are consistent with observations that P. canaliculus (Hickman 1979), P. perna (Mandelli & Acuna 1975) and P. viridis (Rajagopal et al. 1998) al.1 reach marketable size (>60 mm shell length) after growing for 6 to 9 mo, compared with much longer periods of 11 to more than 24 mo in M. edulis (Hickman 1979) . Therefore, faster growth in Perna species than in IM. edulis stems at least in part from increased weight-specific rates of energy acquisition. This is consistent with previous conclusions based upon the con~parative allometries of different physiological processes, which indicate that limitations to growth in various bivalve species result primarily from their relative capacities to process food, rather than from any underlying metabolic differences ). Net energy balance (NEB) averaged (*2 SE) 145 +. 37 J h-' at all concentrations of chl a above 1 1-19 I-'. Mussel tissue has an energy content of about 23.5 J mg-' dry soft tissue (Slobodkin & Richman 1961) , and at least 44 % of all the energy/carbon that is available for production is deposited within soft tissue rather than in byssus or shell (Hawkins & Bayne 1985) . On this basis, the present measure of maximal NEB indicates potential net growth of (145 a 23.5) X 0.44 X 24 = 65 mg dry soft tissue d-' in Perna canaliculus of 1 g dry soft tissue, which represents 6.5% of soft tissue d-'. Using the original data of Hickman & Illingworth (1980) , who compared the seasonal perforn~ances of P. canaliculus at different sites around New Zealand, we have calculated that soft tissue increased at a n average of up to 8.6% d-' over monthly periods of maximal growth in mussels of 1 g dry soft tissue. Therefore, maximal rates of growth that we predict from our experimental observations of feeding behaviour approximate those observed directly in nature.
In conclusion, we have documented feeding responses over a range of seston availability wider than hitherto studied in any bivalve shellfish. We were especially careful to accurately measure the net efficiencies with which organic matter and chl a were filtered from suspension. Our findings build upon previous understanding of filter-feeding behaviour, identifying novel interrelations and further resolving the functional basis of established responses. To summarise, feeding and nutrient acquisition were primarily regulated by clearance rate (l h-'), which increased and decreased in hyperbolic relation with the abundance of chlorophyllrich organics. Maximal clearance rates occurred between only 1 and 2 pg chl a I-', and decreased in negative exponential relation with TPM. Despite reduced clearance rate, both filtration rate (mg h-') and ingestion rate (mg h-') continued to increase up to seston availabilities of about 1000 mg TPM I-', for the rate of rejection as pseudofaeces (mg h-') remained at a constant fraction that averaged 0.87 of filtration rate at seston concentrations above about 40 mg TPM I-'. Only above about 1000 mg TPM 1-' did a decline in filtration rate suggest any mechanistic overloading of feeding mechanisms. The associated capacity for filtration was higher than previously reported in any filter-feeder. Functional benefits associated with faster filtration were increased efficiencies with which organic matter was selectively retained on the ctenidia and increased efficiencies with which organic matter was selectively rejected as pseudofaeces before ingestion. Together these selective processes enhanced the organic content of ingested matter up to about 7 times the organic content of available seston, helping to maintain organic ingestion rate independent of the reduced organic content of seston available at higher TPMs, with ensuing benefits of a positive relation t'hat was confirmed between the organic content of ingested matter and absorption efficiency from ingested organics. Collective interrelations establish a wide optimal range of feeding conditions over which maximal organic absorption rate and net energy balance were achieved at low seston concentrations above only 1 to 2 pg chl a 1-', and were maintained, despite the increasing 'dilution' of organic matter by inorganic silt, as TPM increased up until at least 1000 mg of natural sediment I-'. Chl a has generally been available at concentrations ranging between 1 and 5 pg 1-' at sites associated with mussel farming throughout New Zealand (e.g. Gibbs et al. 1992 , Gibbs & Vant 1998 . But between 1996 and early 1998, perhaps associated with climatic shifts in ocean circulation and/or reduced rainfalvnutrient runoff, chlorophyll concentrations were below 1 pg 1-' throughout the same nearshore waters (Ross et al. 1999) , at a time of reduced mussel condition and growth (James & Ross 1997; refer to 'Introduction') . Findings presented here show that significant mussel growth only occurred when chl a was available at more than 1.02 pg I-' (refer to 'Results'). Therefore, decreased chlorophyll availability at least partially explains the slower growth observed within New Zealand's GreenshellTM industry from 1996 to 1998. Farming of Perna canaliculus has traditionally been undertaken in relatively clear water with low sediment concentrations, thereby enhancing perception of a 'clean' product. We have demonstrated impressive capacities for filtration and differential particle selection that enabled P. canaliculus to maintain maximal rates of growth over a wide range of feeding conditions that included much more turbid environments than have previously been investigated. Dependent upon further validation, including tolerance of other environmental variables such as salinity, this appears to offer the potential for significant expansion of mussel farming away from traditional sites, to areas that may offer more stable optimal nutrition, whilst also relieving the pressures of overstocking.
